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That coa l  is a very p h y s i c a l l y  and chemical ly  heterogeneous substance is 
one of t h e  few f a c t s  about c o a l  t h a t  has  not  been contes ted  i n  t h e  long 
h i s t o r y  of coa l  research .  However, t h e  e x t e n t  and na ture  of t h a t  he te ro-  
gene i ty  is not  a t  a l l  c lear .  Coal he te rogenei ty  is due t o  s e v e r a l  elements: 
The var ied  d iagenes is  and ca tagenes is  o f  t h e  o r i g i n a l  organic  p l a n t  c o n s t i t u -  
e n t s ,  spec iEic  a s s o c i a t i o n s  and i n t e r a c t i o n s  of macerals from d i f f e r e n t  paleo- 
environments, and t h e  d i f f e r e n t  mineral c o n s t i t u e n t s  of coal .  Even though the  
he te rogenei ty  is p r a c t i c a l l y  se l f -ev ident  and i s  a major o b s t a c l e  t o  d e f i n i n g  
the s t r u c t u r a l  e lements  of c o a l ,  remarkably l i t t l e  work is d i r e c t e d  toward 
explor ing  methods t o  reduce t h e  h e t e r o g e n e i t y  p r i o r  t o  s t r u c t u r e  e luc ida-  
t ion.  Densi ty  g r a d i e n t  c e n t r i f u g a t i o n  (DGC) appears  t o  be one of t h e  most 
e f f e c t i v e  s e p a r a t i o n  methods f o r  reducing t h e  he te rogenei ty  of c o a l  by 
separa t ing  the  t h r e e  maceral groups, and concomitant ly  provides  some i d e a  of 
t h e  r a  g of p h y s i c a l  and chemical v a r i a t i o n  t h a t  e x i s t  w i t h i n  a coa l  

However, t h i s  s t i l l  r e p r e s e n t s  only a f i r s t  o r d e r  separa t ion .  We 
r a r e l y  can reso lve  t h e  i n d i v i d u a l  macerals  t h a t  make up t h e  maceral groups 
because t h e i r  d e n s i t y  d i s t r i b u t i o n s  overlap.  The maceral d e n s i t y  ranges may 
over lap  so c l o s e l y ,  t h a t  no matter  how f i n e l y  w e  f r a c t t o n a t e  a d e n s i t y  
grad ien t ,  we w i l l  no t  reso lve  the  var ious spec ies .  Thus, some a d d i t i o n a l  
t reatment  or s e p a r a t i o n  method is necessary t o  r e s o l v e  i n d i v i d u a l  macerals o r  
sub-maceral spec ies .  

Chemical modi f ica t ion  of t h e  coal  maceral p a r t i c l e s  coupled with d e n s i t y  
grad ien t  c e n t r i f u g a t i o n  is one approach t o  h i g h e r  maceral reso lu t ion .  For 
t h i s  two dimensional  type  of t reatment  t o  be u s e f u l ,  we must use  a r e a c t i o n  
which e x h i b i t s  s e l e c t i v i t y  towards the  macerals ,  and can cause an observable  
change i n  t h e  d e n s i t y  of t h e  product .  For our  i n i t i a l  e f f o r t s .  we f e l t  t h a t  
t h e  reac t ion  should be mild and not  e x t e n s i v e l y  al ter t h e  maceral p a r t i c l e s ,  
s i n c e  pe t rographic  a n a l y s i s  was needed t o  understand any changes in t h e  sep- 
a r a t i o n s .  0 -a lkyla t ion  of t h e  coal  appeared t o  meet our  requirements .  The 
a l k y l a t i o n  r e a c t i o n  u t i l i z  tetrabutylammonium hydroxide and an a l k y l  iod ide  
t o  a l k y l a t e  hydroxyl groups Y. . 

RI ( B d 4 N O H  + Coal-OH - Coal-OR + (Bd4NI 

This r e a c t i o n  is c a r r i e d  out  under mild c o n d i t i o n s  and is r e l a t i v e l y  non- 
d e s t r u c t i v e  towards t h e  coal .  S ince  we  know t h a t  a t  l e a s t  t h e  maceral groups 
haue d i f f e r e n t  oxygen c o n t e n t s  and probably hydroxyl c o n t e n t s ,  t h i s  r e a c t i o n  
system seemed most a p p r o p r i a t e  t o  our needs. 3 
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RESULTS AND DISCUSSION 

EXPERIMENTAL 

Alkylation 

Th alkylation conditions were slightly modified from that indicated by 
Liotta.' Under nitrogen, the sample (-20 mg) was stirred in 5 ml of THF for 
10 minutes and then 50 ul of 40% aqueous tetrabutylammonium hydroxide was 
added. After an hour, the alkyl iodide was added, and the solution stirred 
for seven days. The solution was neutralized with HCl and the volatile 
organics removed on a rotary evaporator at 60°C. Water was added and the 
mixture dispersed in a sonication bath. The solid was collected on 0.8 micron 
polycarbonate filter and washed with 50% aqueous methanol. The alkylated coal 
was dried under vacuum at 64'C. 

Density Gradient Centrifugation 

The density gradient centrifugation procedures in aqueous CsC / rij-35 
solutions devised by Dyrkacz and co-workers were used as described. '-' Each 
coal was ground to less than 10 microns. and chemically demineralized before 
any further separation or chemical modification. The preparative level 
separations were done either on two gram levels (Preparattve I) or on maceral 
sink-€loat concentrates (Preparative 11). Analytical density gradient runs of 
the alkylated coal maceral fractions (1-25 mg) were done in 50 ml centrifuge 
tubes. The amount of coal at various densities in the analytical runs was 
inferred from the absorbance response at 660 nm in a flow through cell when 
the gradient was being fractionated. 

Each density distribution has been normalized to the highest peak. 

Two high volatile A bituminous coals, PSOC-732 and 726, obtained from 
Pennsylvania State University were used in this study. The elemental and 
maceral analyses are shown in Table 1. All the data that will be presented is 
based on the chemically demineralized coals. This is necessary to maximize 
the resolution of the macerals. 

Figures 1 and 2 present the DGC separations for the untreated, methylated 
and n-butylated coals. In the unalkylated coals, the lowest density band is 
the exinites and the mid-density band is the vitrinite. The highest density 
inertinite band is obvious in PSOC-732, but not i n  the PSOC-726 coal. For 
both inertinites the density af which there is 50% vitrinite and 50% iner- 
tinite is close to 1.31 g cm- . Relative to the untreated coals, all the 
alkylated coals exhibit a shift in their density istributions to lower 
densities, which is in accord with previous findings.' We also see that the 
butylated coal density patterns are shifted more than ,fy methylated coal; 
this is expected from molecular volume considerations. Looking at the 
density distributions in more detail, we see rather complex changes are 
occurring with alkylation. If each of the maceral groups were responding in 
the same way to alkylation, we would expect that the overall density pattern 
would not change. Maceral analyses of the density fractions confirmed the 
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n o t i o n  t h a t  t h e  macerals  are changing d e n s i t y  in a manner t o o  complicated t o  
fo l low e a s i l y  by j u s t  p e t r o g r a p h i c  a n a l y s i s .  

I n  o r d e r  t o  understand t h e  behavior  of the  macerals  in t h e  alkylation/DGC 
s e p a r a t i o n ,  we approached t h e  s e p a r a t i o n  from t h e  oppos i te  sense.  W e  f i r s t  
d e n s i t y  s e p a r a t e d  t h e  una lkyla ted  coa l  by DGC, a l k y l a t e d  t h e  i n d i v i d u a l  
macerals and then DGC s e p a r a t e d  t h i s  new m a t e r i a l .  The r e s u l t s  a r e  shown in 
Figures  3-5. I n  each case  a si g l e  d e n s i t y  g r a d i e n t  der ived  f r a c t i o n ,  cover- 
i n g  approximately a 0.01 g range, was methylated o r  bu ty la ted  and then 
separa ted  on an a n a l y t i c a l  d e n s i t y  grad ien t .  The maceral d e n s i t y  f r a c t i o n s  
t h a t  were used in these  s t u d i e s  a r e  at l e a s t  95% pure i n  a s i n g l e  maceral 
group by pe t rographic  a n a l y s i s .  From a n a l y t i c a l  d a t a  t h e  amount of a l k y l a t i o n  
per  LOO carbons i n c r e a s e s  i n  the order:  i n e r t i n i t e  < e x i n i t e  < v i t r i n i t e .  

1 
i 

I n  t h e  case  of t h e  a l k y l a t e d  e x i n i t e s ,  f o r  PSOC-732 t h e  expected s h i f t  t o  1 
lower d e n s i t y  occurs  a s  t h e  s i z e  of t h e  a l k y l  group i n c r e a s e s  (Figure 3). 
However, t h e  methylated PSOC-726 e x i n i t e s  material shows a higher  d e n s i t y  
d i s t r i b u t i o n .  whi le  t h e  b u t y l a t e d  m a t e r i a l  shows a lower d e n s i t y  r e l a t i v e  t o  
t h e  unt rea ted  c o a l  f r a c t i o n .  The reason f o r  t h i s  behavior  is not  c l e a r .  It 
could be due t o  e x t r a c t i o n  of a h ighly  a l i p h a t i c  material from t h e  e x i n t t e .  
which is more than  compensated f o r  by t h e  molecular  volume added by buty l  
groups,  but  cannot be compensated by t h e  smal le r  molecular  volume of t h e  
methyl groups. A l t e r n a t i v e l y ,  t h e  a l k y l a t i o n  r e a c t i o n  may be opening up pores  
which were c losed  t o  t h e  d e n s i t y  g r a d i e n t  s o l u t i o n  in t h e  o r i g i n a l  coal. 
Another p o s s i b i l i t y  is t h a t  t h e  a l k y l a t i o n  a l t e r s  t h e  s u r f a c e  of t h e  t h e  
e x i n i t e s  and changes the  behavior  of t h e  p a r t i c l e s  in t h e  complex d e n s i t y  
s o l u t i o n .  

The a l k y l a t e d  v i t r i n i t e  macerals from both c o a l s  show t h e  expected 
behavior  of s h i f t i n g  t o  lower d e n s i t y  upon a l k y l a t i o n .  However, a l l  f o u r  
a l k y l a t e d  v i t r i n i t e s  show broadening of t h e  band. In t h e  case  of t h e  
buty la ted  PSOC-726 t h e r e  is even a d i s t i n c t  shoulder  present .  The e x i n i t e s  
a l s o  show t h i s  behavior  which impl ies  t h a t  t h e r e  may be subspec ies  of maceral 
p a r t i c l e s  which have d i f f e r e n t  r e a c t i v i t i e s  towards a l k y l a t i o n .  

The a l k y l a t e d  t n e r t i n i t e s  show some remarkable changes i n  d e n s i t y  
d i s t r i b u t i o n  r e l a t i v e  t o  t h e  o r i g i n a l  maceral d e n s i t y  d i s t r i b u t i o n .  A l l  t h e  
a l k y l a t e d  i n e r t i n i t e s  show l a r g e  band broadening and, i n  t h e  case  of t h e  
buty la ted  m a t e r i a l s ,  show t h e  presence of mul t ip le  bands. It should be he ld  
in mind t h a t  p a r t i c u l a r l y  i n  t h e  case  of t h e  a l k y l a t e d  i n e r t i n i t e s ,  we  have 
found t h a t  the r e l a t i v e  absorbance t h a t  is p l o t t e d  versus  d e n s i t y  does not  
n e c e s s a r i l y  r e f l e c t  t h e  t r u e  weight  d i s t r i b u t i o n  of m a t e r i a l ;  t h i s  is because 
of a complex re1 t i o n s h i p  between absorbance and p a r t i c l e  s i z e  f o r  these  
a l t e r e d  m a t e r i a l s ?  Never the less ,  t h e  o v e r a l l  c h a r a c t e r  of t h e  p a t t e r n s  is 
sti l l  c o r r e c t -  Not only do t h e  a l k l y a t e d  i n e r t i n i t e s  show a band broadening 
compared t o  t h e  o r i g i n a l  m a t e r i a l ,  but p a r t i c u l a r l y  in t h e  b u t y l a t e d  iner -  
t i n i t e s  we see  t h e  development of new bands. The f a c t  t h a t  s p e c i f i c  bands 
emerge upon a l k y l a t i o n  can be explained i f  t h e r e  a r e  c l a s s e s  of i n e r t i n i t e  
p a r t i c l e s  in t h e  u n t r e a t e d  maceral f r a c t i o n  with q u i t e  s p e c i f i c  r e a c t i v i t y  
towards a l k y l a t i o n .  The p r e c i s e  i d e n t i t y  of t h e s e  p a r t i c l e s  is not  c lear .  
They may represent  monomaceral i n e r t i n i t e  p a r t i c l e s  such a s  semi-fusini te .  
f u s i n f t e  o r  m i c r i n i t e  w i t h i n  t h e  i n e r t i n i t e  group. On t h e  o t h e r  hand, they 
may represent  a chemical ly  d i f f e r e n t  sub-species of an i n d i v i d u a l  maceral. 
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To t r y  and understand t h e  n a t u r e  of these  new bands, s e v e r a l  f u r t h e r  
experiments  were done. I n  t h e  case of t h e  PSOC-732 i n e r t i n i t e  f r a c t i o n ,  t h e  
t h r e e  bands were s e p a r a t e d  from s e v e r a l  small s c a l e  a n a l y t i c a l  s e p a r a t i o n s .  
The C ,  H, N a n a l y s i s  were done on t h e  o r i g i n a l  f r a c t i o n  and t h e  t h r e e  new 
bands. Using t h e  o r i g i n a l  d a t a  as a base, t h e  bands contain:  3.0, 1.7 and 0.3 
buty l  groups per  100 carbon atoms, a s  a f u n c t i o n  of i n c r e a s i n g  dens i ty .  I n  
a d d i t i o n ,  FT-IR s p e c t r a  of t h e  t h r e e  i n e r t i n i t e  d e n s i t y  bands show l a r g e  
i n c r e a s e s  i n  t h e  a l i p h a t i c  C-H s t r e t c h i n g  band i n  accordance wi th  t h e  i n c r e a s e  
in buty l  groups. These resul ts  suggest  t h a t  t h e  d i f f e r e n c e s  in t h e  d e n s i t y  
p a t t e r n  a r e  d e f i n i t e l y  r e l a t e d  t o  s e l e c t i v e  chemical modi f ica t ion  of d i f f e r e n t  
spec ies .  

CONCLUSIONS 

Although we do not  y e t  understand t h e  na ture  of the  s p e c i e s  t h a t  have 
been separa ted ,  t h e r e  is l i t t l e  doubt t h a t  we  have achieved a h i g h e r  l e v e l  of 
s e p a r a t i o n  than p o s s i b l e  wi th  d e n s i t y  g r a d i e n t  techniques alone.  The presence 
of  new bands can only i n d i c a t e  t h a t  t h e r e  a r e  a t  l e a s t  s e v e r a l  s p e c i f i c  
c l a s s e s  of p a r t i c l e s  t h a t  have q u i t e  s p e c i f i c  behavior towards a l k y l a t i o n .  

The two dimensional  s e p a r a t i o n  of c o a l ,  c o n s i s t i n g  of d e n s i t y  g r a d i e n t  
s e p a r a t i o n  and chemical modiEicat ion,  r e p r e s e n t s  a new approach t o  r e s o l v i n g  
t h e  he te rogenei ty  of c o a l  and poss ib ly  o t h e r  maceral sub-species  t h a t  may not  
be p e t r o g r a p h i c a l l y  i d e n t i f i a b l e .  I t  should be obvious t h a t  t h i s  approach can 
be used with any mild chemical t rea tment ,  0 -a lkyla t ion  being only one 
example. Even f u r t h e r  maceral r e s o l u t i o n  might be achieved by cha in ing  
var ious  func t fona l  group s e l e c t i v e  r e a c t i o n s  with d e n s i t y  g r a d i e n t  s e p a r a t i o n  
to  do a multi-dimensional separa t ion .  
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Coal C H N S 0 Ash 

(dry) 
4, wt (daf) 

PSOC-732 84.5 4.72 1.65 0.82 8.2 18.7 

PSOC-726 87.5 5.20 1.30 0.65 5.3 4.8 
Pet. Anal. 

TABLE 1. Analytical Data for Coals. 

Coal SP Re Cu Bi Vit S-fus Mi Fus Id 

X volumea 

PSOC- 732 10.2 0.4 0.0 1.5 63.0 27.9 3.1 2.8 3.7 
PSOC- 726 10.6 1.4 0.5 0.0 50.4 10.9 3.8 2.6 7.2 

a. Sp = sporinite; Re = resinite; Cu = cutinite; Bi = bituminite; 

Vit = vitrinite S-fus = semi-fusinite; Mi = micrinite; Pus = fusinite; 
Id = inertodetrinite. 
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TWO DINENSIONU SOLID SNB NKR YBIHODS APPLIBD "0 WHOLE COALS 
c€lFJlIcALd,Y YODIFIED COALS 

K. W. Zilm, 6. G. Webb, J.  M. M i l l a r  

Department of Chemistry 
Yale Univers i ty  

225 Prospec t  S t r e e t  
New Haven, C T  06511 

I n t r o d u c t i o n  
Carbon-13 s o l i d  s t a t e  NMR spectroscopy of c o a l s  and chemica l ly  modified 

c o a l s  using t h e  combination of  c r o s s  p o l a r i z a t i o n  and magic angle  spinning 
(CPMAS) has proven an extremely u s e f u l  method f o r  c h a r a c t e r i z i n g  t h e  organic  
s t r u c t u r e s  present  i n  t h e s e  systems.''a In a d d i t i o n  t o  provid ing  a d i r e c t  
measure of carbon a r o m a t i c i t y ,  t h e  method g ives  some f u r t h e r  i n d i c a t i o n  a s  t o  
t h e  d i f f e r e n t  types  of organic  f u n c t i o n a l i t i e s  p r e s e n t  from t h e  c h a r a c t e r i s t i c  
shoulders  u s u a l l y  observed on t h e  two p r i n c i p a l  bands i n  t h e s e  spec t ra .  
Unfor tuna te ly  it i s  no t  p o s s i b l e  t o  q u a n t i t a t i v e l y  a s s i g n  any of these  
f e a t u r e s  i n  coa l  CPMAS s p e c t r a  t o  s i n g l e  f u n c t i o n a l  types because of severe 
s p e c t r a l  overlap.  For ins tance  i n  t h e  aromatic  reg ion  t h e r e  a r e  t y p i c a l l y  
t h r e e  overlapping bands centered  roughly a t  127, 138 and l55ppm from TMS. As a 
r u l e  of thnmb t h e  155 band is o f t e n  taken  a s  a t t r i b u t a b l e  t o  phenols  o r  a r y l  
e t h e r s ,  t h e  band a t  138 a s  a l k y l  s u b s t i t u t e d  aromatics  and t h e  band a t  127 a s  
both  protonated aromatic  carbon and nonprotonated carbon i n  fused r i n g s .  T h i s  
q u a l i t a t i v e  i n t e r p r e t a t i o n  of CPMAS coal  s p e c t r a  i s  supported by s t u d i e s  using 
CPMAS t o  fol low t h e  matura t ion  of coal . '  As rank increases  t h e  genera l  t rend  
observed i s  t h a t  oxygenated aromatic  carbons d isappear  f i r s t  fol lowed by l o s s  
of a l k y l  groups and t h e  aromatic  band becomes p r o g r e s s i v e l y  narrower. T h i s  
p i c t u r e  should however not  be  taken  t o o  l i t e r a l l y  a s  many o t h e r  types of  
carbons t h a t  a r e  t o  be expected i n  c o a l s  a l s o  resonate  in  t h e s e  reg ions .  The 
i n c l u s i o n  of heteroatom s u b s t i t u t i o n  in  t h e  u n s a t u r a t e s  produces a wide range 
of carbon-13 s h i f t s  making it e s p e c i a l l y  d i f f i c u l t  t o  i d e n t i f y  t h e s e  important 
c o n s t i t u e n t s  of coa l  by s o l i d  s t a t e  NMR. 

These d i f f i c u l t i e s  of i n t e r p r e t a t i o n  a r e  s i m i l a r  t o  those  encountered i n  
t h e  s tudy  of complex biomolecules  by NMR i n  s o l u t i o n .  Because of the  l a r g e  
number of resonances and t h e  r e s u l t a n t  s p e c t r a l  overlap.  unambiguous 
assignment of t h e  s p e c t r a  is not  simple. Uost o f t e n  in  s o l u t i o n  NMB t h i s  
problem i s  handled by a p p l i c a t i o n  of one of the  many two dimensional  (2D) NMR 
methods developed over  t h e  l a s t  decade.' I n  genera l  t h e  2D methods used i n  
s o l u t i o n  a r e  n o t  a p p l i c a b l e  t o  c o a l  because of t h e  s t r o n g  i n t e r n u c l e a r  d i p o l a r  
i n t e r a c t i o n s  p r e s e n t  i n  organic  s o l i d s .  Onr r e s e a r c h  has  been concerned w i t h  
t h e  development and a p p l i c a t i o n  of new 2D methods f o r  s o l i d s  t h a t  overcome 
these  d i f f  i c u l t i e s .  We have previous ly  repor ted  the  successfu l  a p p l i c a t i o n  of 
a v e r s i o n  of t h e  he te ronuclear  s h i f t  c o r r e l a t i o n  method f o r  s o l i d s  t o  a whole 
coa l . '  T h i s  experiment permi ts  assignment of carbon-13 resonances on t h e  b a s i s  
of the  chemical s h i f t  of any d i r e c t l y  bonded proton.  In t h i s  way the  
pro tona ted  carbon-13 resonances i n  t h e  a l i p h a t i c  p o r t i o n  of a c o a l  can  be 
separa ted  and c l e a r  d i s t i n c t i o n s  made between methylenes, methyls  bonded t o  
carbon and methyls bonded t o  heteroatoms. I n  t h i s  type of experiment t h e  idea 
is t o  produce a p u l s e  sequence t h a t  removes t h e  compl ica t ions  of  t h e  s o l i d  
s t a t e  t o  y i e l d  a r e s u l t  s i m i l a r  t o  t h e  analogous experiment i n  s o l u t i o n .  A , much more product ive approach has been t o  u s e  t h e  magnetic i n t e r a c t i o n s  
p r e s e n t  i n  s o l i d s  a s  t h e  b a s i s  f o r  2D NMR. Two such methods be ing  s tudied  
which hold much promise f o r  s t r u c t u r e  a n a l y s i s  i n  c o a l s  a r e  asynchronous 
d i p o l a r  s h i f t  c o r r e l a t i o n  spectroscopy (ADIPSBIFI') and zero f i e l d  NMR 
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(ZFNMR).' These methods y i e l d  s p e c t r a  w i t h  much b e t t e r  r e s o l u t i o n  than 
t y p i c a l l y  observed b y  CPMAS spectroscopy and provide f o r  a more complete 
account ing of f u n c t i o n a l  groups.  Recent work i n  t h i s  l a b o r a t o r y  has a l s o  
ind ica ted  t h a t  2D methods which can c o r r e l a t e  carbon-13 resonances on t h e  
b a s i s  of c o n n e c t i v i t y  a r e  p o s s i b l e  i n  s o l i d s .  These methods w i l l  determine how 
funct iona l  groups a r e  connected t o  one another  and be e s p e c i a l l y  a p p l i c a b l e  t o  
chemical ly  modified c o a l s .  

ADIPSEIFT E 
I n  ADIPSHIFT NMR t h e  resonances i n  a complex carbon-13 CPMAS spectrum 

can  be separa ted  on t h e  b a s i s  of t h e  number of d i r e c t l y  bonded pro tons  using 
t h e  carbon-l3/proton d i p o l a r  i n t e r a c t i o n .  A l l  t y p e s  of  carbon a r e  observed i n  
t h i s  experiment a t  once and i t  i s  i n h e r e n t l y  a s  accura te  a s  CPMAS spectroscopy 
i t s e l f .  This  i s  a s i g n i f i c a n t  advantage over  t h e  d i p o l a r  dephasing method 
which cannot d i s t i n g u i s h  methines from methylenes and r e q u i r e s  empir ica l  
c o r r e c t i o n s  i f  semi-quant i ta t ive  r e s u l t s  a r e  t o  be  obtained.  The experimental  
s e t u p  and p u l s e  sequence nsed i n  t h e  ADIPSHIm experiment has  been descr ibed  
elsewhere. I n  b r i e f  the  experiment produces a 2D spectrum w i t h  t h e  deconpled 
carbon-13 CPMAS spectrnm along t h e  oz a x i s  and a proton d i p o l a r  coupled 
carbon-13 MAS spectrum along t h e  o1 a x i s .  To i d e n t i f y  the  types  of carbon 
resonat ing  a t  a g iven  p o i n t  i n  t h e  normal carbon-13 CPMAS spectrum the  d i p o l a r  
sideband p a t t e r n  i n  ul f o r  t h a t  p o i n t  i s  s imulated.  The b a s i s  of t h e  method i s  
t h a t  a CE, group w i l l  g ive  about twice a s  wide a sideband p a t t e r n  a s  a CE 
group and both  of these  p a t t e r n s  a r e  v e r y  much wider t h a n  those  f o r  
nonprotonated carbons  o r  r o t a t i n g  methyl groups. The sideband p a t t e r n s  a r e  
determined by a number of  f a c t o r s  including C-H d i s t a n c e s ,  E-C-H angles .  
chemical s h i f t  a n i s o t r o p i e s  and the  r e l a t i v e  o r i e n t a t i o n  of  t h e  chemical s h i f t  
an iso t ropy  t o  t h e  C-H v e c t o r s .  I n  ex tens ive  computer s imula t ions  i t  has  been 
found t h a t  under c o n d i t i o n s  of f a s t  MAS r o t a t i o n  the  sideband p a t t e r n s  a r e  
dominated by t h e  number of pro tons  a t tached .  Reasonable v a r i a t i o n s  i n  t h e  C-E 
d i s t a n c e ,  chemical s h i f t  an iso t ropy ,  E-C-E angle  and s h i f t  t e n s o r  o r i e n t a t i o n  
have only small e f f e c t s  on t h e  c a l c u l a t e d  sideband i n t e n s i t i e s .  Average va lues  
f o r  r e l a t i v e  s ideband i n t e n s i t i e s  can t h e r e f o r e  be used a s  a b a s i s  f o r  
s imulat ing experimental  s p e c t r a .  A l l  t h a t  i s  necessary  i s  t o  f i n d  a l i n e a r  
combination of  the  s tandard  sideband p a t t e r n s  t o  determine t h e  r a t i o s  of 
CE,:CH:CE, and nonprotonated carbons c o n t r i b u t i n g  t o  a p a r t i c n l a r  resonance. 

In a p p l i c a t i o n  t o  model systems the method g ives  e x c e l l e n t  agreement 
w i t h  known s t r u c t u r e s .  For c h o l e s t e r y l a c e t a t e  t h e  CPMAS spectrum i s  q u i t e  
complex giving a s  many a s  t h r e e  l i n e s  f o r  each carbon in the molecule due t o  
s o l i d  s t a t e  e f f e c t s .  From t h e  ADIPSEIFT sideband p a t t e r n  f o r  t h e  IO-lbppm 
region  of the spectrum t h e  r e l a t i v e  percentages  of t h e  t h r e e  t y p e s  of carbon 
a r e  c a l c u l a t e d  t o  be 42% CH,. 27% CH and 31% CH, p l u s  nonprotonated carbons. 
This  compares q u i t e  w e l l  w i t h  t h e  a c t u a l  numbers of 42.1%. 27.2% and 30.7% 
respec t ive ly .  The method has  a l s o  been a p p l i e d  t o  t h r e e  c o a l s :  PSOC-284. 
PSOC-1135 and an a i r -oxid ized  I l l i u o i s # C  c o a l .  The r e s u l t s  from t h e  sideband 
a n a l y s i s  f o r  t h e s e  t h r e e  c o a l s  a r e  conta ined  i n  Table 1. Even though t h e  a i r -  
oxidized coal  and PSOC-284 give e s s e n t i a l l y  i d e n t i c a l  CPMAS spec t ra ,  
measureable d i f f e r e n c e s  e x i s t  i n  t h e  breakdown of  carbon types.  The numbers i n  
Table 1 can be used t o  c a l c u l a t e  the  E/C r a t i o  f o r  the organic  p o r t i o n  of the  
coa l .  In  each case  the  number i s  somewhat lower t h a n  t h a t  measured by 
a n a l y s i s .  For example in  PSOC-284 t h e  E/C r a t i o  by ADIPSHIFT NMR i s  0.83 and 
i s  measured by a n a l y s i s  t o  be 0.87. T h i s  d i f f e r e n c e  i s  t o  be expected a s  t h e  
NMR measurement accounts  on ly  f o r  hydrogen a t t a c h e d  t o  carbon, t h a t  a s s o c i a t e d  
w i t h  heteroatoms i s  n o t  accounted f o r .  

Chemical s h i f t  s p e c t r a  f o r  t h e  d i f f e r e n t  s idebands i n  t h e  ADIPSEIFT 
spec t ra  a l s o  make f o r  an i n t e r e s t i n g  comparison between these  c o a l s .  I n  the  
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centerband t h e  spec t ra  a r e  dominated by nonprotonated and methyl carbons.  The 
f i r s t  and success ive  s idebands a r e  due t o  CE and CH, groups w i t h  t h e  l a t t e r  
dominating t h e  outermost s idebands.  S i g n i f i c a n t  d i f f e r e n c e s  a r e  observed i n  
t h e s e  c o a l s ,  e s p e c i a l l y  i n  t h e  l o w  f i e l d  aromatic  regibn.  In t h e  f i r s t  and 
second sideband spec t ra  resonances a t t r i b u t e d  t o  pro tona ted  sp’ carbons  a r e  
observed which a r e  normally obscured by t h e  resonances from phenol o r  phenol ic  
e t h e r  carbons.  This  i s  a r a t h e r  unique s h i f t  range f o r  pro tona ted  carbon and 
i s  most l i k e l y  a t t r i b n t a b l e  t o  carbons i n  f u r a n  d e r i v a t i v e s  a lpha  t o  t h e  
oxygen. Another i n t e r e s t i n g  f e a t u r e  i s  a shoulder  sometimes seen  i n  CPMAS 
s p e c t r a  of c o a l s  a t  -108ppm which i s  now c l e a r l y  reso lved .  These carbons  a r e  
a l s o  pro tona ted  and probably a r e  due t o  carbons b e t a  t o  t h e  heteroatom i n  
phenols. furans  or  p y r r o l e s .  Some types  of o l e f i n s  w i l l  r esonate  i n  t h i s  a r e a  
of t h e  spectrum a s  wel l .  In t h e  a l i p h a t i c  reg ion  the s p e c t r a  c l e a r l y  
d i s t i n g u i s h  methyl carbons and CH, groups. For t h e  p o o r l y  reso lved  reg ion  
where e t h e r s  resonate  t h e r e  i s  now c l e a r  evidence f o r  a s u b s t a n t i a l  p o r t i o n  of 
methylenes a t tached  t o  oxygen. 

Zero F i e l d  NMR 
While CPMAS based methods a r e  u s e f u l  f o r  s p i n  1 / 2  n u c l e i  such as 

carbon-13, t h e y  a r e  of l i m i t e d  u t i l i t y  f o r  n u c l e i  w i t h  s p i n  g r e a t e r  t h a n  1 / 2  
because of the  nuc lear  quadrupole i n t e r a c t i o n .  This  same i n t e r a c t i o n  i s  put  t o  
good use i n  ZFNMB which can produce e x c e p t i o n a l l y  wel l  reso lved  s o l i d  s t a t e  
spec t ra . ’  For  coa l  t h e  most important a p p l i c a t i o n s  of  ZFNMR w i l l  be t o  
nitrogen-14 and deuter ium n u c l e i  w i t h  i n d i r e c t  d e t e c t i o n  v i a  t h e  abundant 
pro tons  f o r  s e n s i t i v i t y  enhancement. ZFNMR of these  n u c l e i  i s  e s s e n t i a l l y  
F o u r i e r  t ransform pure n u c l e a r  quadrupole resonance. Because of t h e  l a r g e  
v a r i a t i o n  i n  quadrupole coupl ing c o n s t a n t s  a s s o c i a t e d  w i t h  changes i n  
f u n c t i o n a l i t y ,  t h e  ZFNMR s p e c t r a  of these  n u c l e i  i n  c o a l s  a r e  expec ted  t o  be 
e s p e c i a l l y  informative.  ZFNMR i s  b a s i c a l l y  a 2D techniqne which c o r r e l a t e s  t h e  
h i g h  f i e l d  NMR spectrum w i t h  t h e  spectrum i n  zero a p p l i e d  f i e l d .  In a t y p i c a l  
ZFNMR experiment t h e  zero f i e l d  e v o l u t i o n  i s  accomplished by removing t h e  
sample from t h e  NMB magnet t o  a r e g i o n  i n  t h e  f r i n g e  f i e l d  which c a n  t h e n  be 
convenient ly  compensated f o r  by a s e t  of pulsed magnet c o i l s .  The d i f f i c u l t y  
w i t h  t h i s  approach i s  t h a t  t h e  r e l a x a t i o n  t imes T, f o r  the  n u c l e i  being 
observed must be longer  t h a n  t h e  t ime needed t o  move the  sample o u t  of t h e  NMR 
magnet and back. Typical  pneumatic s h u t t l i n g  t imes a r e  c u r r e n t l y  lOOmsec which 
i s  t h e  order  of  T, f o r  t h e  pro tons  i n  most c o a l s .  In order  t o  make ZFNMR 
a p p l i c a b l e  t o  c o a l ,  methods a r e  be ing  developed t o  lengthen  t h e  p r o t o n  T,’s 
and shor ten  the sample s h u t t l i n g  t imes.  One approach has  been t o  remove a l l  
oxygen from t h e  coa l  sample and t o  lower the  temperature  which we have found 
can produce T,’s a s  long a s  800msec i n  c o a l s .  Another way around th i s  problem 
i s  t o  not  s h u t t l e  t h e  sample and e l e c t r o n i c a l l y  switch t h e  main magnet f i e l d  
ins tead .  Switching t imes t h e  order  of 30msec a r e  c u r r e n t l y  achievable  w i t h  
f i e l d s  a s  l a r g e  a s  1.4T. T h i s  method is f a s t e r  and more reproducib le  t h a n  
pneumatic sample s h u t t l i n g  and much e a s i e r  t o  combine w i t h  low temperature  
opera t  ion. 

Connect iv i ty  by S o l i d  S t a t e  EDIB 
The advanced NMR methods o u t l i n e d  above come c l o s e  t o  e x t r i c a t i n g  a l l  

t h e  s t r u c t u r a l  information p o s s i b l e  by NMR a lone  a t  p resent .  Another approach 
t o  increas ing  the  information conten t  of NMR s p e c t r a  i s  t o  combine NMR 
spectroscopy w i t h  chemical t rea tment .  Some e l e g a n t  work along t h e s e  l i n e s  has  
been done using a l k y l a t i o n  chemistry.”’ By incorpora t ing  a s p i n  l a b e l  i n  t h e  
a l k y l a t i n g  reagent  i n  t h e  form of  i s o t o p i c  enrichment or another  NMR a c t i v e  
nucleus. t h e  s t r u c t u r e  of t h e  r e a c t i o n  s i t e  can b e  convenient ly  s t u d i e d  by 
s o l i d  s t a t e  NMR methods. Previous s t u d i e s  have been e s p e c i a l l y  informative a s  
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t o  the  types  of s i t e s  t h a t  may be 0-a lkyla ted  i n  c o a l s .  In p a r t i c u l a r  t h e  
chemical s h i f t s  f o r  a r y l  e t h e r s  a re  q u i t e  s e n s i t i v e  t o  s t e r i c s .  T h i s  makes i t  
p o s s i b l e  t o  de te rmine  t h e  ra t io  of a r y l  e t h e r s  formed with no s u b s t i t u t i o n  a t  
ad jacent  carbons t o  t h o s e  w i t h  s u b s t i t u t i o n .  Snch chemical t rea tment  can a l s o  
be used t o  good advantage i n  2D NMR s t u d i e s .  The p r i n c i p a l  p iece  of 
informat ion t h a t  t h e  o t h e r  2D techniques d iscussed  here l a c k  i s  c o n n e c t i v i t y ,  
i . e . ,  how a r e  the  f u n o t i o n a l i t i e s  observed a t tached  t o  one another7 The 
func t iona l  a n a l y s i s  provided b y  ADIPSHIET and ZFNMR only t e l l s  us what types  
of  carbons, p ro tons ,  o r  n i t r o g e n  a r e  present .  n o t  how t h e y  a r e  l inked.  By 
us ing  carbon-13 l a b e l e d  a l k y l a t i n g  r e a g e n t s  i t  should however be p o s s i b l e  t o  
e s t a b l i s h  c o n n e c t i v i t y  $n t h e  a rea  o f  the  a l k y l a t i o n  s i t e  using 2D NMR methods 
such a s  COSY end NOESY. 

The b a s i c  idea i n  the COSY and NOESY methods i s  t h a t  spin-spin coupl ings 
and i n t e r n u c l e a r  d i p o l a r  coupl ings a r e  s h o r t  range i n t e r a c t i o n s  which can  be 
used t o  c o r r e l a t e  t h e  resonances f o r  carbons i n  c l o s e  proximity to  one 
another .  For a number of  reasons  such  carbon-carbon c o n n e c t i v i t y  experiments 
may not  be expected t o  work wel l  i n  s o l i d s  and t h i s  has slowed t h e i r  
development. One p o t e n t i a l  problem i s  t h a t  f o r  p a i r s  of carbon-13 n u c l e i  t h e  
s i z e  of the d i r e c t  d i p o l a r  coupl ing and t h e  chemical s h i f t  d i f f e r e n c e s  may be 
comparable g i v i n g  r i s e  to  second order  e f f e c t s  which a r e  observed t o  be  
pronounced i n  powder spectra ."  T h i s  might be expected t o  g ive  r a t h e r  
complicated s c a l a r  coupl ing  p a t t e r n s  f o r  bonded sp ins  making COSY methods 
d i f f i c u l t  to  i n t e r p r e t  i n  complex systems. In a d d i t i o n  s p i n  exchange mediated 
by d i r e c t  d i p o l a r  c o u p l i n g s  i n  second o r d e r  systems under MAS may make i t  
d i f f i c u l t  t o  q u a n t i t a t e  t h e  r e s u l t s  from NOESY type experiments  and thus  
i n t e r n u c l e a r  d i s t a n c e s  der ived  from suoh methods may not be r e l i a b l e .  However 
under MAS c o n d i t i o n s  i t  has  been observed t h a t  these  f a c t o r s  d o  not 
n e c e s s a r i l y  r e s u l t  in second order  COSY o r  NOESY s p e c t r a  and f o r  t h e  purposes 
of e s t a b l i s h i n g  c o n n e c t i v i t y  the techniques work q u i t e  wel l  i f  c e r t a i n  
precaut ions  a r e  fol lowed.  

The model system s tudied  here i s  t h e  p a i r  of phosphorus-31 n u c l e i  i n  
1.2-bis [2,4.6-tri-~~_r~-butylphenyll d iphosphine. T h i s  sys tem was chosen f o r  
s tudy  because of t h e  high s e n s i t i v i t y  of phosphorus-31 M R ,  t h e  conclusions 
drawn a r e  a p p l i c a b l e  t o  any p a i r  of s p i n  1 / 2  n u c l e i  w i t h  s i m i l a r  d i p o l a r  
coupl ings  and chemical s h i f t  a n i s o t r o p i e s .  Therefore  s i m i l a r  behaviour i s  
expected f o r  p a i r s  o f  carbon-13 n u c l e i  i n  organic  s o l i d s .  In s o l u t i o n  t h e  
Phosphorus-31 spectrum d i s p l a y s  a s i n g l e  l i n e  under pro ton  decoupl ing f o r  t h e  
two magnet ica l ly  e q u i v a l e n t  phosphorus n u c l e i .  In t h e  s o l i d  s t a t e  the CPMAS 
spectrum i s  somewhat d i f f e r e n t  showing two l i n e s  with b a r e l y  reso lved  f i n e  
s t r u c t u r e .  One l i n e  h a s  the  appearence of a t r i p l e t  and t h e  second has a n  i l l  
def ined  shape w i t h  n o t i c e a b l e  shoulders .  The n a t u r e  of  t h e  f i n e  s t r u c t u r e  has  
been determined t o  b e  due t o  "P-"P s c a l a r  coupl ing  i n  t h e  s o l i d  which i s  n o t  
observable  i n  s o l u t i o n .  T h i s  was accomplished by a homonuclear J 2D experiment 
us ing  CPMAS and s t r o n g  pro ton  d i p o l a r  decoupling. In a d d i t i o n  i t  was found 
necessary  t o  increment t h e  t, p e r i o d  synchronously wi th  t h e  MAS r o t a t i o n  r a t e  
w t o  ensure t h a t  t h e  II pulse  i n  t h e  middle of t, d i d  not  i n t e r f e r e  w i t h  t h e  
dS process. The r e s u l t a n t  J spectrum g i v e s  a reasonable  value f o r  J "P-'lP 
of 200Hz. Tkc p e t t e r n s  i n  t h e  2D J spectrum s u p r i s i n g l y  a r e  observed t o  be 
v e r y  c l o s e  t o  f i r s t  o r d e r .  To determine t h e  c o n n e c t i v i t y  of  t h e  t r a n s i t i o n s  a 
COSY experiment was performed again r e s t r i c t i n g  t h e  increment i n  t, t o  l l w  . 
The r e s u l t i n g  2D spectrum shows t h a t  t h e  two l i n e s  i n  the "P spectrum a r e  I n  
f a c t  not  coupled t o  e a c h  o t h e r ,  r a t h e r  t h e y  a r e  a c t u a l l y  two p a i r s  of c l o s e l y  
spaced resonances which a r e  i n t e r n a l l y  coupled. T h i s  is somewhat perplexing a s  
t h e  resonance which h a s  the  appearence of a t r i p l e t  i s  seen t o  a c t u a l l y  be a 
doublet  Of d o u b l e t s  w i t h  J c l o s e  to  the  i s o t r o p i c  chemical s h i f t  d i f f e r e n c e .  
The reason t h a t  t h e  p a t t e r n  i s  not h ighly  second order  a s  would be observed 
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f o r  t h i s  case  in s o l u t i o n  i s  s u b t l e .  Even though t h e  average s h i f t  d i f f e r e n c e  
f o r  t h e s e  two n u c l e i  i s  smal l ,  t h e  ins tan taneous  s h i f t  d i f f e r e n c e  a t  many 
p o i n t s  during the MAS r o t a t i o n  apparent ly  i s  l a r g e .  This  i s  a consequence of 
t h e  f a c t  t h a t  the two ''P n u c l e i  have a n i s o t r o p i c  chemical s h i f t s  (bo-IlOppm) 
and t h a t  the  s h i f t  t e n s o r s  a r e  not  c o p a r a l l e l .  Thus the  J spectrum and the 
COSY p a t t e r n s  a re  f i r s t  o r d e r  even though the  i s o t r o p i c  s h i f t  d i f f e r e n c e  i s  
c l o s e  t o  J over a MAS r o t a t i o n .  While t h i s  s i t u a t i o n  may seem t o  be 
f o r t u i t o u s ,  it w i l l  i n  f a c t  be  t h e  usua l  case  i n  most systems of  t h i s  type.  
Only i n  the  case  where of a p a i r  of n u c l e i  a r e  r e l a t e d  by an invers ion  c e n t e r  
w i l l  s c a l a r  coupl ings not  be observed. I n  carbon-13 a l k y l a t e d  c o a l s  it i s  
then expected t h a t  t h e  i d e n t i f i c a t i o n  of C-alkylat ion s i t e s  should be  p o s s i b l e  
using t h i s  s o l i d  s t a t e  COSY method. A l l  t h a t  i s  requi red  i s  t h e  o b s e r v a t i o n  of 
c r o s s  peaks in t h e  2D spectrum wi th  t h e  n a t u r a l  abundance carbon-13 a t  the  
s i t e  of attachment and t h e s e  should be observed w i t h  the  same s o r t  of 
s e n s i t i v i t y  a s  ADIPSHIFT s p e c t r a .  

A second type of c o n n e c t i v i t y  i s  a l s o  n i c e l y  demonstrated i n  our  model 
system. I n  a t y p i c a l  NOESY experiment n u c l e i  s p a t i a l l y  c l o s e  t o  one another  
a r e  c o r r e l a t e d  v i a  d i p o l a r  mediated c r o s s  r e l a x a t i o n .  In  t h e  s o l i d  the 
experiment i s  conceptua l ly  s i m i l a r  except  t h a t  t h e  c o r r e l a t i o n  is achieved 
d i r e c t l y  w i t h  the  d i p o l a r  coupl ings p r e s e n t  r a t h e r  than through r e l a x a t i o n  
processes .  I n  t h e  model diphosphine s tudied  t h e  r e s u l t s  of  t h e  NOESY 
experiment a r e  s i m i l a r  t o  those  f o r  t h e  COSY experiment. The same f i r s t  o rder  
COSY peaks a r e  observed b u t  now a d d i t i o n a l  c r o s s  peaks a r e  seen  due t o  the  
mixing per iod  during which t h e  d i p o l a r  i n t e r a c t i o n  c o r r e l a t e s  t h e  resonances.  
T h i s  spectrum shows t h a t  a l though t h e  two p r i n c i p a l  "P l i n e s  a r e  n o t  through 
bond connected,  t h e y  a r e  i n  c l o s e  proximity t o  one another .  Again t h e  p a t t e r n s  
a r e  c l o s e  t o  f i r s t  order  and of good i n t e n s i t y .  These r e s u l t s  l e a d  u s  t o  
conclude t h a t  there  a r e  a t  l e a s t  two inequiva len t  molecules i n  t h e  u n i t  c e l l  
f o r  t h i s  compound and t h a t  t h e  molecules do Pot have invers ion  c e n t e r s .  In  
a d d i t i o n  t h e  sample used has  an impuri ty  of t h e  analogous primary phosphine 
present .  No c r o s s  peaks a r e  observed between the  diphosphine and t h e  primary 
phosphine i n d i c a t i n g  t h a t  t h e y  a r e  i n  s e p a r a t e  phases ,  i . e .  t h e  two compounds 
c r y s t a l l i z e  out  of s o l u t i o n  separa te ly .  When appl ied  t o  0-alkylated c o a l s  t h i s  
method should be q u i t e  informative.  S ince  t h e r e  w i l l  be  no l a r g e  s c a l a r  
coupl ings t o  o ther  carbon-13 c e n t e r s  a l l  c r o s s  peaks t h a t  w i l l  be  observed 
w i l l  be NOESY peaks and i n d i c a t e  t h e  i d e n t i t y  of the  carbons a lpha  t o  the 
oxygen o r  otherwise very  c l o s e  t o  the  l a b e l e d  c e n t e r .  

Summary 
Two dimensional NMR methods have been shown t o  provide a much f i n e r  

account ing of the  f u n c t i o n a l  types  p r e s e n t  i n  c o a l s  t h a n  b y  CPMAS spectroscopy 
alone.  The ADIPSHIFT method has  been shown t o  be a t  l e a s t  a s  q u a n t i t a t i v e  a s  
CPMAS both  in  theory  and experimental ly .  The method g i v e s  r e l i a b l e  
d i s t r i b u t i o n s  of carbons w i t h  d i f f e r i n g  m u l t i p l i c i t i e s  which i s  u s e f u l  i n  
i d e n t i f y i n g  d i f f e r e n t  f u n c t i o n a l i t i e s  t h a t  over lap  i n  chemical s h i f t .  Recent 
s t u d i e s  of a model system i n d i c a t e  t h a t  the  c o n n e c t i v i t y  of t h e  d i f f e r e n t  
groups i n  chemical ly  modified c o a l s  should be obta inable  from s o l i d  s t a t e  COSY 
and NOESY experiments. This  type of information w i l l  provide a v e r y  accura te  
p i c t u r e  of t h e  s t r u c t u r e  of t h e  a l k y l a t e d  s i t e s  and the  s u b s t i t u t i o n  p a t t e r n s  
surrounding them. 
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TABLE 1 

Coal 

ADIPSHIFT Analysis  f o r  Three Coals 

A 1  iphat  i c  s Aromatics 
%CA,, c BCH SbCH, BC WCB 

PSOC-284 1 7  39 44 62 38 
A i r  Ox. 11. t 6  22 43 35 63 37 
PSOC-1135 21 48 25 70 30 

f A 

0.68 
0.69 
0.81 
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COAL ALKYLATION AND PYROLYSIS 

Leon M. Stock 

Department of Chemistry, University of Chicago, Chicago, IL 60637 

INTRODUCTION 

Investigations employing alkylation. reductive alkylation, and related 
kinds of chemical transformations have provided new information concerning the 
structural characteristics of representative bituminous coals ( 1 ) .  The nature 
of the oxygen functional groups in coals are of rather special interest be- 
cause they strongly influence the reactions of the coal. Accordingly, we de- 
termined the relative abundance these groups during a study of the alkylation 
and reductive alkylation of Illinois No. 6 coal (2). The availability of in- 
formation of this kind, especially the hydroxyl group content, led us to con- 
sider a new approach for the evaluation of the factors governing the reactions 
of coal molecules. Specifically, knowledge of the hydroxyl group distribution 
provided an opportunity to introduce new organic groups into coal at selected, 
known locations. Once alkylated, the modified coals could be investigated in 
a variety of ways to gain more information on their structure and reactivity. 
The presentations of G.R. Dyrkacz (3) and K.W. Zilm (4) illustrate some as- 
pects of this activity. We, in collaboration with R.F. Zabransky of the In- 
stitute of Gas Technology, have examined the pyrolytic reactions of the modi- 
fied coals. 

RESULTS AND DISCUSSION 

Preparation. At first, we contemplated using reductively alkylated coals 
in studies of liquefaction and gasification. Work with such kinds o f  modified 
coals is attractive because the reductively alkylated materials are signifi- 
cantly soluble in ordinary organic solvents. However, the achievement of so- 
lubility is realized at the cost of carbon-carbon bond cleavage reactions, as 
well as extensive 0- and C-alkylation reactions (1 ) .  It appeared that the re- 
activity patterns of these modified coals might not be entirely representative 
o f  the origianl coals. Therefore, we elected to use simple alkylation Pro- 
cedures to modify the coals. The 0-alkylation reaction worked out by R. Liot- 
ta and his associates (5) proved very suitable for our requirements. 
Illinois No. 6 coal and other coals can be very selectively alkylated using 
this reaction scheme, equations ( 1 )  and ( 2 ) .  

(Coa1)OH + B - (Coal)O- + BH+ 

(Coa1)O- + RX - (Coa1)OR + X- 
( 1 )  

( 2 )  

B = Bu4NOH or KOH 

R = Primary alkyl halide or tosylate 
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I n  the course o f  the  study, i t  became c lea r  t h a t  tetrabutylammonium ions could 
be tenaciously re ta ined  i n  the modified coals and could produce unwanted by- 
products dur ing the  p y r o l y t i c  reactions. Potassium hydroxide was used t o  c i r -  
cumvent t h i s  problem. 
phenylethyl bromides, se lec t i ve l y  undergo e l im ina t i on  reactions ra ther  than 
e t h e r i f i c a t i o n  react ions,  equation (3). This d i f f i c u l t y  was avoided by the 

Certain primary a l k y l  hal ides,  f o r  example, the  2- 

C6H5CH2CH2Br t (Coa1)O- - (Coal)OCH2CH2C6H5 (3a) 

C6H5CH2CH2Br t (Coa1)O- - (Coa1)OH t C6H5CH=CH2 (3b) 

subs t i t u t i on  o f  a l k y l  tosy la tes  f o r  a l k y l  bromides (6). 

C-Alky la t ion  was accomplished as ou t l ined  i n  equations ( 4 )  t o  (6). 

(HO),( Coal )C(ArI2H (CH30),(Coal )C(ArI2H ( 4 )  
CH3 I 

NaNH2 

RX 
(CH30)n(Coal)C(Ar)2H - (CH30)n(Coal)C(Ar)2R (5) 

(CH30)n(Coal)C(Ar)2R - L i  I (HO),(Coal )C(ArI2R (6) 
Col1 i d i  ne 

Using techniques o f  t h i s  k ind,  we prepared many modified coals including 
der iva t ives  w i t h  simple a l k y l  and a l l y l  Groups, arylmethyl and a ry le thy l  f rag- 
ments and compounds w i th  aromatic and hydroaromatic structures, f o r  example 
9,lO-dihydrophenanthrene. 
.bels were introduced i n t o  the modif ied coals.  Space l im i ta t i ons  do no t  permit 
a discussion o f  t h e  methods employed f o r  the preparat ion and charac ter iza t ion  
o f  these compounds, bu t  i t  should be noted t h a t  i n f ra red  and magnetic resonance 
spectroscopy as w e l l  as  elemental analyses have been used extensively t o  esta- 
b l i s h  t h e i r  s t ruc tu res .  

Pyrolysis.  The pyro lys is  experiments were car r ied  out on a w i re  screen 
i n  a reactor o f  t h e  type described by Anthony and h i s  coworkers ( 7 ) .  
t yp i ca l  experiment, 10-15 mg o f  coal was placed on a preconditioned 325 mesh, 
316 s ta in less  s tee l  screen. The reactor was f lushed w i t h  h igh-pur i ty  helium. 
Then, the pressure i n  the reactor was adjusted t o  0.12 M?a and the  sample was 
heated a t  1000°C s- t o  the desired f i n a l  temperature usually between 600 and 
850°C. 
sorbed on a Tenax column. 
and t a r  y i e l d s  were determined grav imet r ica l l y .  

t h e  absorbed mater ia ls  t o  a ca l i b ra ted  vessel. 
analyzed using a Finnigan Model 4510 GC-MS system. 

I n  order t o  t race  the  chemistry, H-2 and C-13 l a -  

I n  a 

After the  reac t ion  system had cooled, t he  gaseous products were ab- 
The reac t ion  vessel was then opened and the char 

The Tenax column containing the gaseous products was heated t o  t rans fer  

The mater ia l  balances i n  
The v o l a t i l e  products were 
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these experiments were very good. 

GC-MS analysis. 
developed on the basis of the study o f  pure labeled compounds. 

Methylated and Benzylated Coals, A Perspective of Pyrolysis.--The study 
of the 0-methyl and 0-benzyl coals established several pertinent points (8- 
10). First, the modified coals are more reactive than the unmodified start- 
ing materials. This enhanced reactivity is particularly evident in the in- 
creased yields of carbon monoxide and methane. The enhanced yields of these 
materials suqqests that the increased radical density resulting from the modi- 
fication of the coal promotes other secondary radical reactions that lead to 
demethylation or decarbonylation. Hence, the results strongly imply that the 
extent of small-fragment molecule formation depends in a direct way upon the 
concentration of radicals within the coal particles. The enhancement of the 
production of methane may, in part, be attributed to the increased concentra- 
tion of effective hydrogen donor groups which terminate reactions that would 
otherwise lead to undesirable char-forming reactions. Second, the exchange 
patterns strongly suggest that many reactions occur reversibly and that radi- 
cal addition reactions compete favorably with fragmentation and substitution 
reactions. Deuterium-labeled ethene, propene and butenes are formed during 
the rapid pyrolyses of the 0- and C-benzy1-d7 coals. 
amounts of deuterium are incorporated in the ethene produced from each coal. 
It seems unlikely that ethene i s  produced by the dehydrogenation of ethane un- 
der the experimental conditions. The most plausible pathways for the forma- 
tion of ethene-d involve exchange reactions prior to the formation of ethene 
via pericyclic processes, -scission reactions, and rapid addition-elimination 

formed in the original decomposition reactions undergo secondary reactions 
within the small coal particles, even in this reaction system where the se- 
condary reactions of the initial products are minimized. 

The isotopic composition of the gaseous products was also determined by 
The procedures for the analyses of the labeled products were 

Siailar, significant 

reactions. These formula P ions all require that the primary reactive products 

CHZCH2 t R. - RCH2CH2. 
RCH2CH2. t C6D5CD2Coal - RCH2CH2D t C6D5tDCoal 
RCH2CH2D t C6D56DCoal - RCH&HD t C6D5CHDCoal 

(7) 

(8) 

(9) 

\ 

RCH~CHD - R. t CH~CHD (10)  

Third, the non-random distribution of the isotopic labels in the products, 
for example, the selective abstraction of hydrogen from the benzylic ether, 
indicates that the reactions within the coal particle are kinetically con- 
trolled even at temperatures near 850°C. 

Phenylethylated Coals, The Origins of Ethene.--Next, we turned our atten- 
tion to the reactivity of 0-2-phenylethyl coals. 
be discussed on the basis of the calculated energy requirements ( 1 1 )  for seve- 
ral key reactions. 

The results can fruitfully 

The hydrogen atom abstraction reactions of the 2-phenyl- 
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e t t y l  fragment t y  a l k y l  rad ica ls ,  equations (11) and (121, are thermochemical- 
l y  very favorable. 

The y ie lds  o f  the  s imple gaseous para f f ins  are enhanced and these mater ia ls 
are extensively labe led  when 0-2-phenylethyl-d and -d4 der iva t ives  are used. 
These observations may be a t t r i b u t e d  t o  the oc?urrance o f  react ions (11) and 
(12). Moreover, i t  i s  evident t h a t  the t rans ien t  a l k y l  rad ica ls  abstract  hy- 
drogen atoms fro?, both  the 1 and 2 pos i t ions  o f  the  0-(2-phenylethyl) f rag- 
ment. The methane-d/methane r a t i o s  0.05, 0.09, and 0.17 for the 1, l -d , 2.2- 
d , and 1,1,2.2-d compounds imply t h a t  hydrogen (deuterium) i s  select?vely 
agstracted from t8e  2 pos i t i on  o f  t h e  2-phenylethyl fragment. 
t i o n  i s  i n  accord w i t h  the d i f fe rences  i n  bond energies noted i n  equations 
(11) and (12). 

could be formed from the  2-phenylethyl groups are shown i n  equations (13) and 

This observa- 

The predominant homolytic fragmentation pathways through which rad ica ls  

(14). 

Coa10CH2CH2C6H5 - CoalO. t C6H5CHzCHz- 

Coa10CH2Ct$C6H5 - Coa10CH2. t C6H5CH2- 

AH = 65 kcal mole-' 

AH = 67 kcal  mole-' 

(13) 

(14) 

The resu l t s  for l abe led  compounds es tab l i sh  t h a t  such react ions p lay  a role.  
Spec i f i ca l l y ,  the  format ion of s i g n i f i c a n t  amounts o f  toluene-d from the 0- 
(2-phenylethyl-2,Z-d ) and 0-(2-phenylethyl-1.1 ,2,2-d4) derivat?ves c lea r l y  
ind ica tes  the  involv6ment of benzyl-1.1-d rad ica l  i n  the react ion sequence. 
In addi t ion.  labe led  ethylbenzenes are  fo8nd among the react ion products. In -  
deed, 2-phenylethane-l, l ,2,Z-d i s  t h e  most abundant form o f  2-phenylethane. 
Ethene-d3 and ethene-d4 are prtminant products o f  the  thermal decomposition 
of the 0-2-phenylethyl-1 ,1,2.2-d coal. We pos tu la te  t h a t  2-phenylethyl rad i -  
ca l  undergoes fragmentation t o  y f e l d  ethene and phenyl rad ica l ,  equation (15). 

Although endothermic, t h i s  reac t ion  apparently occurs read i l y  under the ex- 
perimental condi t ions.  
t h a t  dea lky la t ion  react ions,  equations (15) and (16). p lay a prominant ro le  i n  
ethene formation. 

This observation provides strong support f o r  the view 

ArylCHzCH2. - Aryl. t C2H4 (16a) 
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Alky1CH2CH2* - Alkyl- t C2H4 (16b) 

Our results provide strong support for the suggestions of Calkins and his 

ethene. propene, and butadiene obtained in flash pyrolysis and the quantity of 
paraffinic hydrocarbons in the coal and proposed that such substances were 
the precursors of the low molecular weight hydrocarbons (12,131. 

k co-workers who pointed out that there was a relationship between the yields of 

It seems reasonable to postulate that ethene, propene, and butadiene are 
produced from long chain alkyl radicals, equations (17) to (19) 

RCH2CH2CH2CH2- - RCH2CH2* + C2H4 

RCH2CH2CHCH3 - RCH2. + CH2=CHCH3 

AH = 22 kcal mole-' 

AH = 23 kcal mole-' 

(17) 

(18) 

i. I 
i 

1 RCH2CH2CHCH=CH2 - RCH2- t CH2=CHCH=CH2 AH = 31 kcal mole- (19) 

Ethene and propene are also obtained from hydroaromatic constituents, equation 
(20). The high energy requirements not withstanding, the available evidence 

- xH3 - 
+ 'ZH4 (20) 

H2CH2 - 

points to the importance of pscisison reactions of 2-arylethyl and 3-aryl-2- 
prctpyl radicals and their derivatives for the production of ethene, propene 
and related substances. 

reactions also occur. Vernon and his associates showed that such reactions 
were important for the dealkylation of aryl alkanes under the conditions of 
coal liquefaction reactions (14). This feature of the chemistry was con- 
firmed by examination of the reactions of labeled and unlabeled 4-propylben- 

(4-Propylphenyl )methylated Coals. Ipso Replacement.-- Ipso substitution 

C H 3 C H 2 C H 2 0  CyOCoa 1 C H 2 C H 2 C D 2 0  CH20Coal 
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zene der iva t ives .  
drocarbons. 
propane and propene doubles when these fragments are present i n  coal. 
more s i g n i f i c a n t ,  very large quant i t ies  o f  propane-d are formed from the la -  
beled de r i va t i ve .  
nors, equat ion (21 ) .  and undergo demethylation, equation (22). 
t i o n  chemistry accounts f o r  t he  high y ie lds  o f  propane-d2 and propene-d2, 
equation (23). 

These conwunds provide ra ther  h igh  y ie lds  o f  C and C3 hy- 

Even 

I n  b r i e f ,  the  side-chain fragment$ are good hydrogen do- 

Indeed. the  y i e l d  o f  ethane and ethene t r i p l e s  and th2  y i e l d  o f  

Ipso subs t i tu -  

Coa10CH2C6H4CD2CH2CH3 t CH3* - Coal OCH2C6H4CDCH2CH3 t CH3D (21 ) 

Coal OCH2C6H4CDCH2CH3 - Coa 1 OCH2C6H4CD=CH2 t CH3' (22) 

T e t r a l i n  Der ivat ives,  Per icyc l i c  Processes.--Our most recent studies have 
focused on the  r o l e  o f  pe r i cyc l i c  processes i n  the thermal decomposition reac- 
t i ons  of  coals. Although there i s  ample evidence t h a t  such kinds o f  reactions 
occur r e a d i l y  under the condi t ions employed f o r  the  pyro lys is  o f  coal ,  most 
workers i n  the  f i e l d  w i th  the notable exception o f  V i rk  and h i s  group (15 )  
have adopted the  view t h a t  coal decomposition i s ,  w i t h  the exception o f  water- 
forming react ions,  a f ree  rad i ca l  process (16). Although the  ea r l y  searches 
fo r  p e r i c y c l i c  reac t ions  dur ing the thermal decomposition o f  coal have not 
been successful (17 ,18 ) ,  we reconsidered the issue because the  energy require- 
ments f o r  many p e r i c y c l i c  react ions are known t o  be modest. 

I l l i n o i s  No. 6 coal  samples modified w i th  labeled t e t r a l i n  fragments, 5- 
and 6-(1,2,3,4-tetrahydronaphthyl-1,1,4,4-d )methyl bromide and 5- and 6- 
(lI2,3.4-tetrahydronaphthyI -2, 3-d2)methyl bflomide, were pyrolyzed t o  determi ne 
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the fate o f  the grafted fragments and the labels within the fragments. 
preliminary results strongly suggest that concerted reaction pathways contri- 
bute to the fonnationdf low molecular weight hydrocarbons. 
produced from the modified coal samples than from the reference sample. More 
importantly, the coal samples modified with 5- and 6-(1,2.3.4-tetrahydronaph- 
thyl-2.3-d )methyl bromide produced significantly more ethene-d than the sam- 
ples with 3- and 6-(1,2;3.4-tetrahydronaphthyl-l,1 .4,4-d4)methy? bromide. 
These observations imply that molecules such as tetralin decompose via concer- 
ted pericyclic pathways within coals, equation (24). Presumably other retro 

The 

More ethene was 

ba’0cH2a” + C2H2D2 (24 1 coa10cH2w: - CH3 

ene and retro addition reactions also occur during pyrolysis. 
of  coal pyrolysis based exclusively on free radical reactions may be quite 
misleading . 

Thus, theories 
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